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The thesis reports a refined method to synthesize effective photocatalysts for the 
oxygen evolution reaction (OER) in photoelectrochemical water splitting under 
visible light. It also attempts to seek some basic understandings of the relationships 
between surface structure and photocatalytic activity through a combination of 
analytical techniques including field emission scanning electron microscopy 
(FESEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and 
photoelectrochemical measurements.  
 
a-Fe2O3 was chosen as the photocatalyst of interest because of its suitable band gap, 
low cost and its photochemical stability in neutral to basic solutions. A new two-step 
procedure consisting of electrodeposition of iron under acidic conditions and 
post-synthesis calcination in air at 650oC was used to synthesize a-Fe2O3 thin films. 
This method has the advantages of being simple, low cost, environmental friendly and 
potentials for further modifications by metal doping. The a-Fe2O3 thin films showed 
appreciable photoelectrochemical performance compared with the results of others. 
Some optimizations of the preparative conditions have also been carried out including 
the types of anions in the plating bath, plating pH; calcination time and calcination 
temperature. The a-Fe2O3 thin films with better photoelectrochemical performance 
have a non-porous compact morphology favorable for charge carrier mobility and 
Summary 
 VII 
high crystallinity which supports the diffusion of electrons and holes through certain 
highly conducting crystal planes. We also compared our method with methods of 
others and attributed the improved photoelectrochemical performance observed here 
to the effects of intrinsic impurities such as Fe(0) and Fe(II) on charge carrier 
conduction. 
 
Topically, this thesis is divided into 4 chapters. Chapter 1 introduces the background 
and the scope of work. Chapter 2 reviews the literature most relevant to this thesis 
study. Chapter 3 is the report of major findings. Chapter 4 is the conclusion of this 
















AM1.5G                 Air mass 1.5 global 
EDTA                   Ethylenediaminetetraacetic acid 
FESEM                  Field emission scanning electron microscopy 
FTO                    Fluorine doped tin oxide 
HER                    Hydrogen evolution reaction 
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Due to the non-sustainable nature of fossil fuels, renewable energy has been drawing 
more attention than ever before. According to the report of REN21, in 2006, 18% of 
global energy consumption was supplied by renewables (The Renewable Energy 
Policy Network for the 21st Century, Renewables 2007 Global Status Report).   
 
 
Fig.1.1 World Renewable energy consumption of 2008 (The Renewable Energy Policy 
Network for the 21st Century, Renewables Global Status Report 2009 update). 
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Solar energy and hydrogen energy are two promising renewable energy resources for 
the future. Solar energy is a clean and infinite energy resource. However, the low 
incident photo to current efficiency (IPCE) and the difficulty in electrical energy 
storage have somewhat hampered the progress in the photovoltaic conversion of solar 
energy. Hydrogen, on the other hand, is a green energy carrier with high energy 
density (143MJ/Kg) which produces only water upon combustion. However, the 
current methods of hydrogen production, such as steam reforming and electrolysis, 
are far from being green processes. These processes consume a lot of energy from 
non-renewable energy resources. Hence if hydrogen can be produced by renewable 
means such as the solar energy, the above hurdles will be resolved: solar energy is 
henceforth stored as hydrogen and hydrogen is produced by a green chemistry 
method. 
 
It is therefore not surprising that photoelectrochemical water splitting has been keenly 
pursued as a sustainable method of hydrogen production since the pioneering work of 
Fujishima and Honda (Fujishima and Honda, 1972) in 1972. This process has the 
promise of being environmentally friendly and fulfills the mandate of clean energy 
production. However, there are some outstanding challenges in this technology:  
 
● Low photoelectrochemical conversion efficiency, especially under visible light 
The photoelectrochemical efficiency for most stable single photocatalyst systems is 
still below 1% under visible light. For example, the most widely used semiconductor 
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photocatalyst, TiO2, can only utilize a small fraction of the solar spectrum with 
wavelength below 420nm (Kay et al., 2006) because of its large band gap (3.2eV).  
 
● Stability 
Stability is a requisite for the long-term use of any photoelectrochemical water 
splitting system. In this regard metal sulfide semiconductor photocatalysts are more 
vulnerable to photodecomposition than metal oxide semiconductor photocatalysts.  
For example, although ZnS has a very high quantum yield (quantum yield (%) = 
number of reacted electrons/number of incident photons × 100% (Kudo and Miseki, 
2009)) of 0.9 (Reber and Meier, 1984), the interest in this material as a photocatalyst 
is low because it undergoes photocorrosion in water under light irradiation (Ellery et 
al., 2005).   
 
● Cost  
Photocatalyst cost is a key consideration in today’s photovoltaic industry. In the 
United States today, the levelized cost of photovoltaic energy for is about three to four 
times the cost of electricity generation by the traditional ways (U. S. department of 
energy, Solar Energy Technologies Program Multi-Year Program Plan 2007-2011). 
Therefore the solar industry is highly reliant on government subsidies. Hence the use 
of efficient but highly expensive multi-junction photovoltaic devices for 
photoelectrochemical water splitting (Khaselev and Turner, 1998) are unlikely to 
succeed on the basis of cost-benefit analysis. 
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 1.2 Objectives and Scope 
 
This thesis study aims at developing a new method to synthesize efficient 
photocatalysts for the oxygen evolution reaction (OER) under visible light, which is a 
half reaction in water splitting. The OER is a four-electron process which is 
kinetically more hindered than the two-electron hydrogen evolution reaction, the other 
half reaction in water splitting (Youngblood et al., 2009). We have chosen a-Fe2O3 as 
the candidate photocatalyst because of its appropriate band gap, its stability in neutral 
or alkaline solution; and its low cost. The scope of this project includes the synthesis 
of a-Fe2O3 thin films, tests of their photoelectrochemical performance; and 
investigations of associated scientific issues.  
 
The detailed research activities include the following:  
1. Synthesis of a-Fe2O3 thin films 
The synthesis of a-Fe2O3 thin films by a two-step process comprising the 
electrodeposition of thin iron films and the calcination of the iron films in air at 650℃ 
to form hematite. 
 
2. Optimization of the synthesis conditions for improved photoelectrochemical 
performance. 
In this project we have improved the photoelectrochemical performances of a-Fe2O3 
thin films by optimizing the calcination time, calcination temperature, plating pH as 
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well as the plating bath composition. Additionally, we also benchmarked our method 
with other methods of a-Fe2O3 formation such as the calcination of electrodeposited 
FeOOH. Some explanations for the improvement of photoelectrochemical 

























2.1 Fundamentals of Photoelectrochemical Water Splitting and Solar 
Energy  
 
Water can be converted into hydrogen and oxygen under irradiation by light: 
H2O(l) → H2(g) + 1/2O2(g); ΔG = + 237KJ/mol (Corresponding minimum band 
gap is 1.23eV and maximum absorbing wavelength is 1000nm) 
This reaction is quite common in nature and is part of photosynthesis, which is 
catalyzed by the green chlorophyll molecules. Semiconductors are the most frequently 
used artificial photocatalysts for water splitting. Under irradiation by light with energy 
equal or higher than the semiconductor band gap, electrons and holes are generated. 
The electrons in the conduction band are useful for the hydrogen evolution reaction 
(HER) and the holes in the valence band are useful for the oxygen evolution reaction 
(OER). The oxygen evolution reaction generally attracts greater research interest 
because as a four-electron process, it is kinetically more challenging than the 




Fig. 2.1 A simplified sketch of photoelectrochemical water splitting (Ni et al., 2007).  
 
Solar energy is the most pervasive energy resource in the world which is available at 
an energy density of 1000W/m2. 7% of the solar spectrum is in the ultraviolet region 
(wavelengths shorter than 400nm), 50% is in the visible region (wavelengths from 
300 to 700nm) and 43% is in the infrared region (wavelengths longer than 700nm).  
 
 




2.2 Photoelectrochemical Water Splitting Systems 
 
2.2.1 Powder-based systems 
 
Powder-based photoelectrochemical water splitting systems continue to be an active 
areas of research since the work of Fujishima and Honda (Fujishima and Honda, 1972) 
in 1972. Thousands of materials have been screened and the following is a list of the 
more promising candidates: TiO2 (Schrauzer et al., 1977), SrTiO3 (Domen et al., 
1980), Ta2O5 (Sayama et al., 1994), WO3 (Kudo et al., 1997), CeO2 (Bamwenda et al., 
2001), ZrO2 (Sayama et al., 1993), Cu2O (Hara et al., 1998), InP ( Ohmori et al., 
2000), CdS (Mills et al., 1982), ZnS (Jean Francois Reber and Kurt Meier, 1984) and 
Bi2O3 (Hardee et al., 1977).  
 
 
Fig. 2.3 Sketch of a visible light powder-based photoelectrochemical water splitting system  
(Kudo and Miseki, 2008). 
Chapter 2 
 9 
Although the powder-based water splitting system is outstanding in its simplicity, the 
inseparability of the reaction products - hydrogen and oxygen, is a major deficiency. 
The presence of oxygen and hydrogen in close proximity increases the possibility of 
the back reaction (2H2 + O2 →  2H2O)and also poses serious safety issues. 
Furthermore, many of the catalysts are only able to promote one of the half reactions 
(HER or OER) in photochemical water splitting. As a result, reducing agents such as 
alcohols, sulfides, sulfites and EDTA; or oxidizing agents such as Ce4+ or Ag+ are 
often added to complete the water splitting reaction. (Osterloh, 2008). 
 
2.2.2 Electrode-based system 
 
Water splitting can also be realized in a two electrodes system shown in Fig. 2.4. Like 
an electrolysis cell, oxygen is produced at the anode (usually a semiconductor) and 
hydrogen is produced at the cathode (usually a metal).  A bias potential is often 
applied to facilitate the electrode reactions. A good photocatalyst could make use of 





Fig. 2.4 Sketch of an electrode-based photoelectrochemical water splitting system under 
visible light (Bard and Fox, 1995). 
 
The electrode-based water splitting system overcomes the main problem of the 
power-based system – hydrogen and oxygen can be produced separately in the same 
system. It uses a more complex configuration than the powder-based system but is 
better adapted for large scale implementations because of its controllability. Many of 
the photocatalysts which are only good one of the half reactions on their own may be 
combined in the electrode-based system.   
To improve the efficiency, multi-junction electrodes have also been proposed for 
water splitting. Takabayashi et al. reported that a poly-Si/N doped TiO2 composite 
electrode with an efficiency greater than 10% (Takabayashi et al., 2004). Poly-Si and 
N-doped TiO2 have complementary light absorption regions in the visible light sand 
hence the composite electrode could make better use of the solar spectrum. However, 
a composite electrode definitely incurs an increase in the material and production 
costs. It may also be difficult to find two or more materials with matchable band gaps 
at competitive cost. As a result, the composite electrode is not an economical option 
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for water splitting according to a cost benefit analysis. Only in situations where the 
size of the device is the key consideration, such as solar cell phones, would the high 
cost high efficiency composite electrodes be an acceptable option. 
 
Dye sensitized semiconductors are another option for the electrode-based water 
splitting system. Since the introduction of dye-sensitized solar cells by O'Regan and 
Grätzel in 1991 (O'Regan and Grätzel, 1991), many researchers have tried to extend 
this concept to water splitting by coating nanocrystalline TiO2 with a sensitizing dye. 
Under visible light illumination, the excited dye can inject electrons to the 
semiconductor conduction band to initiate the water splitting reaction as follows 
(O'Regan and Grätzel, 1991): 
                 *
h
Dye Dye
nuur   
                            2*
TiO
Dye Dye e+ -+uuuur  
Dye e Dye+ -+ ®  
 
 
Fig. 2.5 Mechanism of dye-sensitized photoelectrochemical water splitting under visible light  
(Ni et al., 2007). 
Chapter 2 
 12 
Compared with the composite electrodes, the dye-sensitized system uses a very 
different strategy - lower efficiency at a much lower cost, which is very successful in 
nature. The photosynthesis efficiency of green plants is only 3-6% (Miyamoto, 2009), 
much lower than the commercial silicon wafers. Despite the market dominance of 
silicon photovoltaic (PV) cells in the world today, dye-sensitized systems can now be 
fabricated with efficiencies greater than 10%. Their price advantage may eventually 
win market acceptance in the near future. 
 
2.3 Semiconductor Photocatalysts for Photoelectrochemical Water 
Splitting 
 
2.3.1 Fundamentals of semiconductors 
 
Semiconductors are materials which are intermediate in electrical conductivities 
between those of conductors and insulators. They are the most commonly used 
artificial photocatalysts for water splitting because of the existence of a band gap. In 
semiconductors, electrons are initially confined to the valence band. The energy gap 
between the valance band edge and the conduction band edge is known as the “band 
gap”. Absorption of photons with energy greater than the band gap would promote 
electrons to the conduction band, leaving the holes behind in the conduction band. 
The minimum energy (maximum wavelength) of photons for water splitting may be 
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calculated by the following equation: 
λmin (nm) = h×c/(Eg×e) = 1243/Eg, where h is Planck constant (6.63×10-34eV s), c 
is the speed of light (3×108m/s) and Eg is band gap (eV).  
Hence if visible light is to be used for water splitting, the semiconductor photocatalyst 
must have a band gap smaller than 3eV. However, many common metal oxide 
semiconductors are large band gap materials (> 3eV) which can only absorb light in 
the ultraviolet region, TiO2 is a good example. In addition, the band edge positions are 
also important for water splitting. The bottom of the conduction band has to be more 
positive than the redox potential of H+/H2 (0V vs. NHE) and the top of the valence 
band must be more negative than the redox potential of O2/H2O (1.23V vs. NHE) 
(Kudo and Miseki, 2009)  
 
 






Fig. 2.7 Band structures of some common semiconductors and the redox potentials of water 
splitting (Serpone and Pelizzetti, 1989). 
 
Once light with sufficient energy is incident on the semiconductor, electrons are 
excited to the conduction band and separated from the holes in the valence band. 
However, only a small fraction of the photo-excited electrons and holes can 
eventually be transferred to the semiconductor surface for water splitting; the majority 
of them will recombine before they can reach the surface. Hence the efficiency of 
water splitting can be improved by increasing the charge carrier mobility and lifetime 
to increase the survivability of the photo-excited charges on their passage to the 
surface. 
 
Doping is a widely used method to improve the conductivity and decrease the 
electron-hole recombination rate of the semiconductor. By introducing impurities to 
the crystal lattice in a controlled manner, doping can create weekly bound valence 
electrons or holes in the material. Moreover, metal dopants can act as both electron 
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and hole traps to alter the recombination rate by the following processes: (Gratzel and 
Howe, 1990) 
Mn+ + ecb- → M(n-1)+      electron trap 
Mn+ + hvb+  → M(n+1)+    hole trap 
 
Trapped electrons and holes are more difficult to recombine. Rothenberger et al. 
found that in colloidal TiO2 particles, the recombination rates of trapped electrons 
with free and trapped holes are of the order of 10-11 and 10-6s respectively 
(Rothenberger et al., 1985).  For photocatalytic reactions, trapped charge carrier 
diffusion is as important as charge carrier trapping because the trapped charge carriers 
must diffuse to the surface to react. Charge carrier diffusion can be difficult in cases 
of heavy doping. Since the trapped electrons and holes can hardly move to the surface, 
the trapping sites behave more like the recombination centers. Hence there exists an 
optimum doping concentration above which the photocatalytic activity also decreases 
(Ni et al., 2007). Furthermore, if the dopant also acts as an electron or hole trap, the 
trapped electrons or holes can easily recombine with their free counterparts and 
usually a reduction in photoactivity is observed (Choi et al., 1994). 
 
Doping can also alter the band gap structure of semiconductors by creating a series of 
discreet energy states within the energy gap. As the doping level increases, the wave 
functions of the electrons bound to the impurity atoms begin to overlap and form into 
new bands. (Zeghbroeck, 2007)  
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Quantum size effect also affects the band gap of semiconductors when the size of the 
semiconductor particles is of the order of 1 – 20nm, comparable to the de Broglie 
wavelength of the charge carriers in the semiconductor. The electrons and holes 
generated in quantum size particles are confined to a potential well of small 
geometrical dimensions (Linsebigler et al., 1995). As a result of the quantization of 
the electronic states, the band gap of the semiconductor is changed from its bulk value 
to the following (Brus, 1986): 
ΔEg = h2/(8*R2*μ) – 1.8*e2/(ε*R), 
whereΔEg is band gap, h is Planck’s constant, R is particle radius, e is elementary 




TiO2 is the first and the most widely used semiconductor for photoelectrochemical 
water splitting. It is low cost and resistant to photo corrosion but its band gap is not 
suitable for photoelectrochemical water splitting under visible light. Its relatively 
large band gap (3.0eV for rutile and 3.2eV for anatase) is the cause of its ineffective 
absorption of visible light.  
 
Significant efforts have been made to narrow the band gap of TiO2 by doping. Quite a 
number of metal dopants have been evaluated such as Fe (Sclafani et al., 1993), Cr 
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(Borgarello et al., 1982), Mo and V (Luo et al., 1982). Thus far the results have been 
dismal. On the other hand, non-metal doping has shown more encouraging results in 
narrowing the band gap and improving the efficiency of absorption. Among the 
non-metal dopants for TiO2, carbon (Khan et al., 2002), nitrogen (Asahi et al., 2001) 
and sulfur (Umebayashi et al., 2002) are the most common and most extensively 
studied. Sulfur-doped TiO2 is not stable under UV and visible light irradiation due to 
the oxidization of sulfur to SO2 and SO42-. Carbon-doped TiO2 shows a high 
photoconversion efficiency of 8.35% attributable to a narrower band gap of 2.32eV 
(Khan et al., 2002). Likewise, nitrogen-doped TiO2 has a narrower band gap than 
pristine TiO2 due to the mixing of the nitrogen and oxygen p states leading to the 
upward shift of the valence band edge to the conduction band. However, the 
photoconversion efficiency of nitrogen-doped TiO2 is much lower than that of the 
carbon-doped TiO2 (Torres et al., 2004). 
 
Fig. 2.8 Photocurrent density (left) and photoconversion efficiency (right) as a function of 
potentials applied to the carbon doped n-TiO2 (flame-made) and the reference n-TiO2 
(electric tube furnace or oven-made) photoelectrodes under xenon lamp illumination at an 




2.3.3 Fe2O3  
 
Fe2O3 is a promising semiconductor material for photoelectrochemical water splitting 
due to a suitable band gap of 2.2eV, photoelectrochemical stability in neutral and 
alkaline environments; as well as its natural abundance and low cost. Since its 
conduction band edge is slightly below the reversible hydrogen potential, iron oxide 
requires an external bias potential for hydrogen evolution. The known disadvantages 
of Fe2O3 are short hole diffusion length (estimated to be 2 – 4nm (Kenned et al., 
1978), compared to 100 – 100nm of TiO2 (Ghosh et al., 1977)) and rapid 
electron-hole recombination rate (Kennedy et al., 1978); which prevent many of the 
holes created in the interior from reaching the surface to oxidize water.   
 
Elemental doping is again used to improve the performance of Fe2O3, including Si 
(Kay, 2006), Cu (Ingler Jr. et al., 2004), Mg, Ca (Mohanty and Ghose, 1991), Sn 
(Aroutiounian et al., 2007), Zn (Ingler et al., 2004), Nb (Sanchez et al., 1986), Mo, Cr 
(Shwarsctein et al., 2008), Ti (Glasscock et al., 2007), Pt (Hu et al., 2008), Al 
(Shwarsctein et al., 2010) and C (Frites et al., 2009). Among them the Si-doped Fe2O3 
thin films have fared the best in terms of IPCE (42% at 370nm) and photocurrent 
density (2.2mA/cm2 in AM 1.5 at 1.23V vs. RHE). The good performance has been 
attributed to a dendritic nanostructure and the presence of a thin insulating SiO2 
interfacial layer between the FTO (fluorine doped tin oxide) glass substrate and the 
Fe2O3 thin film. Further treatment of the film in Co(NO3)2 solution increases the 
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photocurrent density to 2.7mA/cm2 at 1.23V vs. RHE due to hole trapping and water 
oxidization in the surface Co sites (Key et al., 2006). 
 
 
Fig. 2.9 Photocurrent densities of (a) Si-doped Fe2O3 (b) Si-doped Fe2O3 after Co treatment 
in darkness and in AM 1.5 respectively (Kay et al., 2006).  
 
Several methods have been used to fabricate doped and undoped Fe2O3 thin films, 
including spray pyrolysis deposition (Majumder and Khan, 1994), ultrasonic spray 
pyrolysis ( Duret and Gartzel, 2005), electrodeposition (Schrebler et al., 2007), sol-gel 
deposition (Borse et al., 2008), magnetron sputtering (Glasscock, 2007) and chemical 
vapor deposition (Kay et al., 2006). Jang et al. developed a rapid screening method to 
identify the suitable dopants for Fe2O3 (Jang et al., 2009). The method was based on 
scanning electrochemical microscopy with the usual ultramicroelectrode tip replaced 
by an optical fiber to allow rapid screening of the photocatalysts. According to this 
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study, Fe2O3 doped with 4% Sn(IV) and 6% Be(II) has the highest photocurrent 
density. This method can also be applied to optimize other semiconductor 
photocatalysts (Arai et al., 2007).  
Among all these methods, electrodeposition is the simplest and most convenient to 
use at a low cost. Fig. 2.10 shows the Pourbaix potential-pH diagram of iron which 
can be used for the electrodeposition of iron and iron oxides. 
 
 
Fig. 2.10 Pourbaix (potential-pH) diagram of iron (Pourbaix, 1996). 
 
Usually, the electrodeposition of Fe2O3 or related compounds such as FeOOH is 
carried out in the pH range of 6 to 8 and a temperature range of 25 to 90oC (Martinez 
et al., 2007). Complexing agents are often used to increase the solubility of Fe2+ in the 
depositing solution. The highest photocurrent density achieved to date from undoped 
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electrodeposited iron oxide in a neutral solution was reported by Rangaraju et al.: 
0.74mA cm-2 at 0.2V vs. Ag/AgCl (about 1.23V vs. RHE). It was attributed to the 
presence of nano-dendrites and vertically oriented nano-channels; as well as a 
dual-layered structure of maghemite and hematite produced by a double anodization 
process in different plating baths (Rangaraju et al., 2009). 
 
 
Fig. 2.11 Photoelectrochemical behavior of double anodized iron oxide film annealed in 
acetylene at 550℃for 10 min (Rangaraju et al., 2009). 
 
However, the preparation of doped Fe2O3 thin films by electrodeposition has to be 
carried out in acidic solutions since most metal dopant ions would undergo hydrolysis 
in neutral to alkaline solutions. Thus far the most widely used system for the 
electrodeposition of doped Fe2O3 thin films was established by Schrebler et al. using 
the OH- from H2O2 reduction to deposit FeOOH, which is then converted to a-Fe2O3 
by calcination in air at 500℃ for 30 minutes (Schrebler et al., 2007):  
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H2O2 + 2e- → 2OH- 
FeF2+ + 3OH- → FeOOH + F- + H2O 
2FeOOH → Fe2O3 + H2O  
The plating was carried out at a pH of about 2.9 and the photocurrent density of the 
Fe2O3 thin film at 1.23V vs. NHE was about 0.2mA cm-2.  
 
 
Fig. 2.12 Photocurrent density -potential curve for the annealed Fe2O3/FTO electrode in 0.1 
M NaOH + 0.05 M KI solution (Schrebler et al., 2007). 
 
Ryan et al. also developed a synthesis method for a-Fe2O3 based on electrodeposition 
in an acidic plating bath at elevated temperatures. They electrodeposited FeOOH thin 
films from a FeCl2 solution at pH 4.1 and 75oC which were then converted to a-Fe2O3 
by calcination in air (Ryan et al., 2009):  
Fe2+ → Fe3+ + e- 
Fe3+ + 2H2O → FeOOH + 3H+ 




SYNTHESIS OF a-Fe2O3 ELECTRODES FOR 





a-Fe2O3, or hematite, is a n-type semiconductor which is suitable for 
photoelectrochemical water splitting under visible light due to its small band gap 
(about 2.2eV), low cost as well as its photochemical stability in neutral to basic 
solutions. Since its conduction band edge is slightly below the reversible hydrogen 
potential, hematite requires an external bias potential for hydrogen evolution. The 
short hole diffusion length, estimated to be 2 – 4nm (Kennedy et al., 1978) and shorter 
than the 100 – 100nm in TiO2 (Ghosh et al., 1977), and a rapid electron-hole 
recombination rate (Kennedy et al., 1978) can prevent many of the holes created in 
the bulk from reaching the surface for water oxidation. Doping is often used to 
address these deficiencies. Hence the development of any hematite synthesis method 
must also consider the suitability of the method for doping. 
 
The common used methods to prepare Fe2O3 thin films (or related compounds such as 
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FeOOH) include spray pyrolysis deposition (Majumder and Khan, 1994), ultrasonic 
spray pyrolysis (Duret and Gartzel, 2005), electrodeposition (Schrebler et al., 2007), 
sol-gel deposition (Borse et al., 2008), magnetron sputtering (Glasscock, 2007) and 
chemical vapor deposition (Kay et al., 2006). Among these methods, 
electrodeposition is well recognized for its simplicity, fast turnover and cost 
advantage. In addition, through the adjustment of the deposition pH, potential and 
calcination temperature, Fe2O3 thin films with different morphologies can be 
synthesized for the optimization of photoelectrochemical activity and efficiency (Wu 
et al., 2009).   
 
The Pourbaix potential-pH diagram of iron (Fig. 2.10) may be used to determine the 
conditions for the deposition of iron, iron oxide and related hydrates (such as FeOOH). 
Electrodeposition is usually carried out in the pH range of 6 to 8 and temperature 
between 25 and 90℃ according to the following reaction (Martinez et al., 2007): 
Fe2+ + 2H2O → FeOOH + 3H+ + e- 
Post-deposition calcination converts the FeOOH to Fe2O3. In the neutral pH range, 
complexing agents (such as NH4+) are often present to increase the solubility of Fe2+. 
This relatively high pH is not favorable for adding other metal ions as the precusors 
for dopants.  
 
This problem was circumvented by Schrebler et al., who devised an electrodeposition 
system using the OH- reduced from H2O2 to deposit FeOOH at pH of 2.9. This was 
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followed by calcination in air to form a-Fe2O3 (Schrebler et al., 2007): 
H2O2 + 2e- → 2OH- 
FeF2+ + 3OH- → FeOOH + F- + H2O 
2FeOOH → Fe2O3 + H2O  
 
This method is now widely adopted for fabricating doped Fe2O3 thin films. Ryan et al. 
developed another electrodeposition route which is customized for the acidic solutions. 
They electrodeposited FeOOH from a FeCl2 solution at a pH of 4.1 at a temperature 
of 75oC without any complexing agent. Calcination then converted the FeOOH to 
a-Fe2O3 (Ryan et al., 2009):  
Fe2+ → Fe3+ + e- 
Fe3+ + 2H2O → FeOOH + 3H+ 
2FeOOH → Fe2O3 + H2O  
 
In this study, a new two-step procedure was used to synthesize a-Fe2O3 thin films on 
an electrode. It involves the electrodeposition of iron under acidic conditions and 
post-synthesis calcination in air at 650oC. This particular method of producing 
hematite has the following advantages compared with the previous methods: 
● Improved product photoelectrochemical performance 
The photocurrent density of a-Fe2O3 thin films prepared as such is more than two fold 




● A wider pH operating range 
According to the Pourbaix potential-pH diagram (Pourbaix, 1996), electrodeposition 
of Fe is feasible at potentials below -0.8V in any pH range. A wider operating range is 
operationally more convenient and provides more possibilities for electrodeposition 
and reaction condition optimization. 
 
● Favorable pH range for introducing metal ions as dopant precursors 
After pH optimization, a pH of 4.6 was chosen for plating which could prevent many 
metal ions from undergoing hydrolysis which is common in neutral to alkaline 
solutions. 
 
● No need for complexing agents and friendly to the environment 
In most commonly used neutral plating baths (pH 6-8), complexing agents are 
required to increase the solubility of Fe2+ (Martinez et al., 2007). The acidic bath of 
Schrebler et al. (pH of 2.9) also requires F- as a complexing agent to increase the 
solubility of Fe3+ (Schrebler et al., 2007). In our method, the plating bath contains 
only FeCl2 and NaOH, which is not only more economical and convenient to operate, 
but is also friendlier to the environment in comparison with plating baths with 
complexing agents.  
 
● Electrodeposition at room temperature  
A previous effort on electrodeposition under acidic conditions (pH = 4.1) for the 
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synthesis of Fe2O3 thin films had to be operated at an elevated temperature of 75oC 
(Ryan et al., 2009). That particular bath would not work at room temperature (we 
could not produce anything by this method because of the negligible plating current at 
room temperature). On the other hand, our formulation works well at room 
temperature.  
 
We improved the photoelectrochemical performance of a-Fe2O3 thin films by 
optimizing the plating bath pH and the calcination conditions. The effects of anions 
on electrodeposition were also studied. We also benchmarked our results with films 
produced from other acidic baths, such as the methods of Ryan and Schrebler. Some 
explanations for the improvements in photoelectrochemical performance after 





3.2.1 Electrodeposition of iron thin films 
 
Plating bath was prepared by dissolving FeCl2·4H2O in deionized water to a 
concentration of 0.02M FeCl2. Aqueous 1M NaOH solution was added to adjust the 
pH. Electrodeposition was carried out potentiostatically at room temperature under 
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the control of an Autolab (μAutolab Type Ⅲ) potentiostat/galvanostat. A standard 
three-electrode setup was used. A fluorine-doped tin oxide (FTO) conductive glass 
was used as the working electrode and a platinum ring electrode was used as the 
counter electrode. The reference electrode was Ag/AgCl in saturated KCl. The 
platting potential was -1.3V and the time for electrodeposition was two minutes.   
 
3.2.2 Electrodeposition of FeOOH by the Ryan method 
 
The plating bath was also a 0.02M FeCl2 solution but the plating pH was adjusted to 
4.1. Electrodeposition was carried out potentiostatically with plating potential of 1.2V 
at 75oC for 30 minutes.  
 
3.2.3 Electrodeposition of FeOOH by the Schrebler method 
 
The plating bath here consisted of 5mM FeCl3, 5mM KF, 0.1M KCl and 1M H2O2. 
Electrodeposition was carried out by a cycling the potential from -0.47 to 0.43V vs. 






All samples after electrodeposition were rinsed in water. They were then placed into a 
box furnace and heated in air before natural cooling down to the room temperature. 
Different calcination temperatures and calcination times were used to optimize the 
photoelectrochemical performances of the thin films.  
 
3.2.5 Photoelectrochemical performances measurements 
 
Photocurrent densities were measured in a 1M NaOH solution with the same 
three-electrode setup. Simulated sunlight was generated by an ss150 solar simulator 
(Sciencetech). The light passed through an AM1.5 filter and the intensity was 
controlled to 100mW/cm2 by a power meter (Gentech). The Autolab (μAutolab Type 
Ⅲ) potentiostat/galvanostat was used to scan the potential from -0.2 to 0.8 V vs. 
Ag/AgCl at a rate of 0.04V/s and the currents were recorded. Electrochemical 
impedance spectroscopy was carried out under open circuit potential with and without 
light illumination. The frequency was scanned from 105 to 10Hz using a 
superimposed ac signal of 0.01V. Mott-Schottky analysis was carried out by setting 







All products were characterized by field-emission scanning electron microscopy 
(FESEM) on a JEOL JSM-6700F operating at 5kV; by X-ray diffraction (XRD) on a 
Shimadu XRD-6000 using Cu Ka radiation (λ = 0.154nm), by X-ray photoelectron 
spectroscopy (XPS) on a Kratos Axis Ultra DLD spectrometer using Al- Ka radiation 
(1486.7eV). All binding energies in the XPS measurements were referenced to the 
C1s hydrocarbon peak at 285 eV. 
 
 
3.3 Results and Discussion 
 
3.3.1 Characterizations of the as-deposited and calcined iron thin films 
 
We used a two-step procedure to synthesize a-Fe2O3 thin films. The first step was a 
two-minute electrodeposition of iron on a FTO glass: 
Fe2+ + 2e- → Fe 
 
Fig 3.1a shows the XRD pattern of the as-deposited iron thin film. Only one peak 
with respect to iron, namely the (110) reflection was detectable. Other peaks such as 
(200) diffraction at 65o could not be identified from the FTO glass background. The 
intense sharp peak from Fe(110) diffraction indicates that the as-deposited iron film 
was highly crystalline. However, the film showed no photoelectrochemical catalytic 
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activity for water oxidization under sunlight. In the second step, the grey as-deposited 
iron thin film was calcined in air at 650oC for two hours. Calcination changed the 
color of the film to orange-red which is typical of a-Fe2O3 and was confirmed by 
XRD measurements (Fig. 3.1b). There was no XRD peak for crystalline Fe (44.70) 
and other crystalline iron oxides such as FeO (42.2o) and Fe3O4 (62.7o) (Fig. 3.1c). 
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Fig. 3.1 XRD patterns of (a) as-deposited iron thin films, (b) a-Fe2O3 thin films obtained 
from the as-deposited iron thin films after two hours of calcination in air at 650 oC. (c) shows 
the absence of peaks from crystalline Fe (44.7°), FeO (42.2°) and Fe3O4 (62.7°) in the 
sample. Peaks from the FTO glass are marked by * in (a). 
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Fig. 3.2 shows the X-ray photoelectron spectroscopy (XPS) spectrum in the Fe 2p 
region for the hematite thin film. The satellite peak at 719eV is characteristic of Fe2O3. 
By comparison Fe would show a peak at 706.8eV, FeO would show a satellite peak at 
715.5eV and Fe3O4 would have a smooth featureless region between the 2p1/2 and 
2p3/2 peaks (Gota et al., 1999). 
 




















Fig. 3.2 XPS spectrum of a-Fe2O3 thin film formed by calcination of the as-deposited iron 




The FE-SEM image of an as-deposited iron thin film is given in Fig. 3.3a. After 
electrodeposition for two minutes, three different types of iron particles could be 
found on the FTO glass surface. The majority of them were cubes (in the 200nm 
range). The cubic shape is an indication of anisotropic three-dimensional growth of 
the nuclei after formation. The minority spherical particles (200nm range), on the 
other hand, could be attributed to the isotropic growth of the nuclei in all directions. 
Since the nucleation rate was faster than the growth rate in this reaction, 
one-dimensional continuous nucleation also occurred during electrodeposition to give 
rise to needle-like particles (with lengths of 200-300nm range) (Bicelli, et al., 2008).  
 
After two hours of calcination at 650oC in air, the as-deposited iron thin film was 
converted into a hematite thin film. The film thickness estimated from Fig. 3.3b was 
about 800nm. Fig. 3.3c also shows the proliferation of gnarled spherical aggregates (1 
μm range) on the surface. The magnified view of the spherical aggregates (Fig. 3.4d) 
shows that they were made up of smaller particles with irregular sizes from 20 to 






Fig. 3.3 FE-SEM images of (a) the as-deposited iron thin film, (b) cross-sectional view of 
a-Fe2O3 thin film formed by calcining the as-deposited iron thin film in air for two hours at 
650oC, (c) and (d) the top views of the a-Fe2O3 thin film. 
 
The photocurrent density of the a-Fe2O3 thin film for water oxidization was then 
measured (Fig. 3.4). The increase in current density under illumination confirmed that 
the hematite thin film was photoelectrochemically active. The photocurrent-voltage 
plot also shows an n-type behavior. The onset potential (the potential at which the 
photocurrent starts to flow) was around -0.15V vs. Ag/AgCl. High photocurrent 
densities of 0.486mA/cm2 were recorded under AM 1.5 illumination in 1M NaOH 
when a 0.2V vs. Ag/AgCl bias potential was applied. The photocurrent density 
increased with the increase of the bias potential when more electrons and holes could 
be separated by the applied electric field. Although the photocurrent density plot 
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shows an inflection point at round 0.15V vs. Ag/AgCl and above which the 
photocurrent density increased at a decreasing rate, no current plateau was obtained; 
indicating that many of the holes recombined on the surface than were used for water 
oxidization even with a high bias potential (Tilley et al., 2010). Hence the hematite 
film has to be improved to suppress the charge carrier recombination on the surface. 
Due to the oxidation of water at the FTO glass electrolyte interface (Beermann et al., 
2000), the dark current began to rise at 0.65V vs. Ag/AgCl. Meanwhile, the net 
photocurrent density (the difference between the photocurrent density under 
illumination and the dark current density) began to drop, which could be attributed to 
the presence of surface states. It has been proposed that the surface states were 
centered at about 0.6V vs. Ag/AgCl. Hence when the hematite thin film was polarized 
more positively with respect to this potential, the surface states were empty and could 
act as electron traps to increase the likelihood of charge carrier recombination 
(Bjorksten et al., 2000). 
 
In an n-type semiconductor film, the holes diffuse to the surface under the applied 
potential for water oxidization. The electrons drift through the bulk to the back 
contact of the film and then through the external circuit to the counter electrodes for 
hydrogen evolution (Hagfeldt and Gratzel, 1995). Hence the photocurrent density can 
be used to calculate the photoconversion efficiency (which measures the overall 
effectiveness in solar energy to electric energy conversion) by the following equation 
(Khan & Akikusa, 1999): 
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η (total power output/total light power input) = jn*Eθrev/I, 
where jn is the net photocurrent density,  Eθrev is the reversible potential for water 
splitting, which is 1.23V vs. RHE. Hence the photoconversion efficiency was found to 
be 0.597%. 
 






























Fig. 3.4 Current density – voltage plots of a-Fe2O3 thin films in 1M NaOH aqueous solution. 
Measurement conditions:  scan rate of 0.04V/s under illumination by simulated sunlight 
(AM 1.5G, 100mW/cm2). 
 
Fig. 3.5 shows the electrochemical impedance spectroscopy of the hematite thin film. 
The real and imaginary components of the measured complex impedance indicate that 
the film had both resistive (including charge transfer resistance) and capacitive 
properties. The Fermi level of an n-type semiconductor (which indicates the chemical 
potential of the semiconductor) is generally higher than the redox potential (which 
indicates the chemical potential of the electrolyte) of the contacting electrolyte. Hence, 
electrons tend to transfer from semiconductor to electrolyte (Bott, 1998) resulting in 
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the formation of a positive space charge layer on the semiconductor side (the 
“depletion layer” since the region is depleted of the majority charge carriers (electrons 
in n-type semiconductor)). On the other hand, a negatively charged layer appears on 
the electrolyte side forming the Helmholtz layer (Lopes et al., 2010). The depletion 
layer and the Helmholtz layer form an electric double layer (Fig. 3.6) where charges 
may be stored capacitively. Since the recombination of electrons and holes also 
occurs in the electric double layer, the capacitor may be considered as leaky.  
 
In the dark, thermally generated electrons and holes required a very high bias 
potential for separation and reaction with water (about 0.6V vs. Ag/AgCl in 1M 
NaOH aqueous solution according to Fig. 3.4). By comparison the photo-excited 
electrons and holes could be separated at much lower bias potentials for reactions. 
The separated photo-generated electrons and holes increased the capacitance of the 
electric double layer. According to the equation XC = 1/(2π×f×C), where XC is 
capacitive impedance (namely the imaginary impedance in Fig. 3.6), f is frequency 
and C is capacitance, the hematite thin film under illumination would have smaller 
capacitive impedance because of a larger capacitance, which was validated by the 
plots in Fig. 3.5c. Hence, we could attribute the increase in current density under light 
illumination to the decrease in the film impedance, especially the imaginary part of 
the complex impedance. According to the above equation, high frequency can reduce 
the influence of capacitance on capacitive impedance. Hence the impedance 
difference between the illuminated condition and in the dark diminishes in the high 
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frequency region, as shown in Fig 3.5b and c. Interestingly, Fig 3.5b also shows a 
higher real impedance for hematite thin film under illumination than in the dark, 
which can be used as an indication of the higher charger transfer resistance caused by 
the lower conductivity in the dark.  
 






































































Fig. 3.5 Complex electrochemical impedance plots of a-Fe2O3 thin films in 1M NaOH 
solution at 0.01V vs. Ag/AgCl under illumination by simulated sunlight (AM 1.5G, 





Fig. 3.6 Sketch of electric double layer capacitor at the interface between an n-type 
semiconductor and electrolyte.  
 
The Mott-Schottky plots of the hematite thin film under illumination and in the dark 
in Fig. 3.7 show a typical n-type semiconductor behavior. The charge carrier 
concentration may be calculated from the following Mott-Schottky equation:  
1/C2 = 2/(e×ε×ε0×N) ×(E - Efb - kT/e), 
where C is the capacitance, e is the elementary charge, εis the dielectric constant of 
the semiconductor, ε 0 is permittivity of vacuum, N is the charge carrier 
concentration, E is the applied potential, Efb is the flat band potential of the 
semiconductor, k is the Boltzmann constant and T is the temperature. Since kT/e is 
very small at room temperature (0.026V at 298K), it can be ignored in the calculation. 
Hence a plot of 1/C2 vs. E could yield charge carrier concentration (N) from the slope 
and the flat band potential (Efb) from the intercept. The charge carrier concentrations 
of the hematite thin film calculated as such were 4.09×1020 cm-3 in the dark and 6.14
×1020 cm-3 under illumination respectively. Clearly the increase in the charge carrier 
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concentration was caused by increase in the number of photo-excited electrons and 
holes. The flat band potential of hematite was shifted from -0.32V to -0.52V under 
illumination, which indicates improvements in the photoelectrochemical performance 
under illumination. For a semiconductor electrode, the more negative the flat band 
potential, the greater is the extent of band bending at the semiconductor-electrolyte 
interface; and the higher is the efficiency for charge carrier separation and 
photoconversion (Quinn et al., 1976). 
 


















Fig. 3.7 Mott-Schottky plots of a-Fe2O3 thin films in 1M NaOH aqueous solution at 1000Hz 
under illumination by simulated sunlight (AM 1.5G, 100mW/cm2). 
 
 




3.3.2 Effects of anions 
 
It is very important to select the right type of anions to use in the plating bath for the 
electrodeposition of metals. In this study, we tested two most common ferrous 
solutions – FeSO4 and FeCl2 – as the plating bath constituents. We used identical 
procedures to electrodeposit iron from these baths and calcined the as-deposited iron 
films the same way to produce hematite thin films. Some systemic differences in the 
film properties were observed. As shown in Fig. 3.9, the photocurrent density at 0.2V 
vs. Ag/AgCl of the a-Fe2O3 thin film prepared from the FeCl2 plating bath 
(0.486mA/cm2) more than doubled that of the film prepared from the FeSO4 plating 
bath (0.225mA/cm2). Fig. 3.10 compares the XRD patterns of hematite thin films 
prepared from the two baths. Clearly the film from the FeCl2 bath was more 
crystalline with larger crystalline grain size, judging from the intensity and the 
sharpness of the Fe (104) and (110) diffraction peaks. Hematite is known to exhibit 
strongly anisotropic conductivity (Kay et al., 2006), where some crystal planes are 
more electrically conductive than others. It may be hypothesized that the higher 
crystallinity of the a-Fe2O3 thin film prepared from the FeCl2 bath would have more 
of the highly conducting crystal planes and were more electrically conductive overall. 
This was confirmed by impedance measurements which showed the FeCl2 derived 
thin film having smaller real impedance at the low frequency limit (Fig. 3.11). In this 
film, electrons and holes had a higher probability of reaching the surface for reaction 
which resulted in higher photocurrent densities. It is for this reason that the FeCl2 
Chapter 3 
 42 
solution was selected as the de-facto plating bath in this study. 
 































Fig. 3.9 Current density plots of a-Fe2O3 thin films prepared from two minutes of  
electrodeposition from the FeCl2 and FeSO4 plating baths, followed by two hours of 
calcination in air at 650oC. Measurement conditions: 1M NaOH aqueous solution. A scan 
rate of 0.04V/s under illumination by simulated sunlight (AM 1.5G, 100mW/cm2). 
 


























Fig. 3.10 XRD patterns of a-Fe2O3 thin films on FTO conducting glasses prepared from the 
FeCl2 and FeSO4 plating baths and post-synthesis calcination. The peaks from the FTO glass 
are indicated by *. 
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Fig. 3.11 Complex electrochemical impedance plots of a-Fe2O3 thin films prepared from the 
FeCl2 and FeSO4 plating baths. Measurement conditions: 1M NaOH aqueous solution. 0.01 
V vs. Ag/AgCl under illumination by simulated sunlight (AM 1.5G, 100mW/cm2). (a) Nyquist 
plot, (b) and (c) Bode plots. 
 




According to the Pourbaix potential-pH diagram of iron (Fig. 2.10), iron 
electrodeposition is thermodynamically feasible at all pH (0 to 14). However, we 
discovered that lowering the plating pH by HCl addition did not lead to good results. 
The Fe films plated at room temperature contained a large number of pinholes. This 
could be the result of a kinetic competition between Fe dissolution, which is promoted 
by low pH, and Fe electrodeposition. Hence the addition of HCl is not recommended 
and was not considered further in the study. 
 
Fe was also deposited for 2 min from the 0.02M FeCl2 solution which has a native pH 
value of 3.6. A comparison between Fig. 3.3a and 3.12a shows that the deposited film 
had fewer but larger cubic and spherical iron particles that electrodeposition at pH of 
4.6. Since a highly acidic environment inhibited the formation of nuclei during iron 
electrodeposition, fewer nuclei were formed under low pH condition and the rate of 
crystal growth could outpace the rate of nucleation leading to larger particles being 
formed.  Low pH was also prohibitive for continuous nucleation which is required 
for the formation of needle-like particles. The dearth of needle-like Fe particles in Fig. 
3.12a could be understood as such. 
 
After calcination, more porous and looser aggregates were found on the surface as 
shown in Fig.3.12b compared with the morphology in Fig. 3.3c. The iron thin film 
electrodeposited at higher plating pH was transformed into a compact non-porous film 
with a large number of smaller primary particles after calcination. Fig. 3.13 shows 
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that the dense structure of the hematite thin film increased the electrical conductivity 
at the low frequency limit. Therefore this thin film with higher charge carrier mobility 
should help to increase the probability of electrons and holes to reach the surface for 
reaction. Hence the photocurrent density of the dense hematite thin film was higher 
than that of the loose thin film plated at pH of 3.6 (Fig. 3.14). However, we found that 
a further increase of the plating pH to 5.4 produced the same photocurrent density 
(also was shown in Fig. 3.14), suggesting that a pH of 4.6 was sufficient for 
producing the compact structure favorable for water oxidization.  
 
 
Fig. 3.12 FE-SEM images of (a) as-deposited iron thin film derived from two minutes of 
electrodeposition at pH of 3.6 and (b) the a-Fe2O3 thin film formed by the as-deposited iron 
thin film after calcination in air at 650oC for two hours. 
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Fig. 3.13 Electrochemical impedance plots of a-Fe2O3 thin films obtained by two minutes of 
electrodeposition in solutions of different pH, followed by calcination in air at 650oC for two 
hours. Measurement conditions: 1M NaOH aqueous solution. 0.01 V vs. Ag/AgCl under 






























Voltage (Ag/AgCl vs. V)
Dark
pH = 3.6
← pH = 5.4
pH = 4.6 →
 
Fig. 3.14 Photocurrent density plots of a-Fe2O3 thin films derived from electrodeposition at 
different pH values. Measurements conditions: 1M NaOH aqueous solution. Scan rate of 
0.04V/s under illumination by simulated sunlight (AM 1.5G, 100mW/cm2). 
 
3.3.4 Effects of calcination time 
 
Fig. 3.15 shows the photoelectrochemical performance of a-Fe2O3 thin films obtained 
by calcining the two-minute deposited films for various lengths of time in air at 650 
oC. Two hours of calcination were chosen as the optimal heat treatment since the 
resulting film had the highest photocurrent density (0.486mA/cm2) at 0.2V vs. 
Ag/AgCl. However, it should perhaps be pointed out that the sample heat treated for 1 
hour had a slightly lower photocurrent density (0.448mA/cm2). Therefore, considering 
the energy consumption by calcination, one-hour calcination time could be more 
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economical and advantageous overall for large-scale productions. On the other hand, 
when the calcination time was extended to four hours, the photocurrent density 
decreased to 0.393mA/cm2 at 0.2V vs. Ag/AgCl, suggesting a loss of surface area of 
the photocatalyst due to sintering. A comparison between Fig. 3.3c and Fig. 3.16 
confirmed the densification of the hematite aggregates after four hour of calcination 
aggregates; losing many of the particle-particle boundaries in Fig 3.3.c. The 
compaction of primary particles reduced the contact areas with the electrolyte and as a 
result, the photocurrent density decreased.   
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Fig. 3.15 Photocurrent densities of a-Fe2O3 thin films prepared by varying the calcination 
time of the two-minute electrodeposited films at 650oC. Measurement conditions: 1M NaOH 






Fig. 3.16 FE-SEM image of a-Fe2O3 thin film prepared with four hours of calcination at 650o 
C. 
 
3.3.5 Effects of calcination temperature 
 
The surface morphology of the photocatalyst was strongly dependent on the 
calcination temperature. Fig. 3.17 shows the FE-SEM images of a-Fe2O3 thin films 
calcined at the lower temperatures of 400oC and 520oC for two hours. Compared with 
calcination at 650oC which formed gnarled spherical aggregates (Fig. 3.3c and d), 
calcination at lower temperatures formed more spherical aggregates, the packing was 
looser; generating porosity similar to films deposited from a low pH plating bath. The 
electrochemical impedance of hematite thin films calcined at 400oC and 520oC was 
higher, especially the low frequency limits which are measures of the resistance to 
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electron transport (Fig. 3.18). The reduced charge carrier mobility lowered the 
probability of electrons and holes from reaching the surface for extraction and 
reaction, decreasing the photocurrent density as a result which was experimentally 
verified (Fig. 3.19). Although the trend seems to suggest the use of higher calcination 
temperature, the hematite thin films obtained in this study could not be heat treated 
beyond 650oC because this is the maximum temperature the FTO glass could endure 
under the experimental conditions. 
 
 
Fig. 3.17 FE-SEM images of a-Fe2O3 thin films calcined for two hours at 400oC (a and b) 
and (c and d) at 520oC. 
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Fig. 3.18 Complex electrochemical impedance plots of a-Fe2O3 thin films obtained by 2 hour 
of calcination at different temperatures. Measurement conditions: 1M NaOH aqueous 
solution. 0.01 V vs. Ag/AgCl under illumination by simulated sunlight (AM 1.5G, 


































Fig. 3.19 Photocurrent densities of a-Fe2O3 thin films calcined at different temperatures. 
Measurement conditions: 1M NaOH aqueous solution. Scan rate: 0.04V/s under illumination 
by simulated sunlight (AM 1.5G, 100mW/cm2). 
 
3.3.6 Comparisons with a-Fe2O3 thin films prepared from other acidic baths 
 
Previously, two methods were used to fabricate a-Fe2O3 thin films via the calcination 
of FeOOH which was electrodeposited from acidic plating baths. Ryan et al. 
electrodeposited FeOOH from FeCl2 solution with pH of 4.1 at 75 oC (Ryan et al., 
2009). Schrebler et al. developed a system which uses the OH- from H2O2 reduction to 
deposit FeOOH at pH of 2.9 and temperature of 50oC (Schrebler et al., 2007) although 
the procedure could not be repeated at room temperature. We followed these methods 
to produce thin films for comparison with the films prepared by our method.   
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Fig. 3.20a shows that the a-Fe2O3 thin films prepared by the method of Ryan 
consisted mainly of needle-like particles with lengths in the 50nm range. On the other 
hand, the predominant morphology of a-Fe2O3 thin films prepared by the method of 
Schrebler (Fig 3.20b) was round particles with size of ~50nm. While these sizes are in 
the same range as the particles prepared by our simplified method, there are 
significant differences in the photoelectrochemical performance of these thin films.  
 
Fig. 3.21 and 3.22 show the XRD patterns and the XPS spectra of these thin films 
respectively. Both films display (104) and (110) diffraction peaks of hematite in the 
XRD patterns and satellite peaks at 719eV in the XPS spectra, identifying them as 
undoubtedly a-Fe2O3 thin films. However, we were unable to reproduce the 
photocurrent density in the original papers. The measurements were rather dismal 
under experimental conditions (<5μmA/cm2 at 0.2V vs. Ag/AgCl). This appears to 
be in confluence with the conclusions of Kay et al. (Kay et al., 2006) who used the 
thermal oxidization of Fe(CO)5 to yield Fe2O3 in high purity. Fe(CO)5 decomposes 
easily into atomic iron and CO, which is not expected to be incorporated into the 
hematite lattice. Due to the insulating nature of pure a-Fe2O3, the photocurrent 
density of hematite made by this method was in the order of 10μA/cm2 at 0.2V vs. 
Ag/AgCl. Kay and coworkers pointed out that reports of hematite thin films with 
appreciable photocurrent density were synthesized with the intentional addition of 




We can use this explanation to interpret the difference in photoelectrochemical 
performance between our a-Fe2O3 thin films, which were made by the calcination of 
electrodeposited iron films, and a-Fe2O3 thin films made by the calcination of 
electrodeposited FeOOH films. The calcination of iron thin films is expected to have a 
higher probability of generating impurities in the form of Fe(0) and Fe(Ⅱ), through 
the incomplete oxidation of iron. The calcination of FeOOH, by comparison, is simple 
and cleaner as it is a simple dehydration process without valence changes; and a 
higher purity hematite may be expected. Although the amounts of Fe(0) and Fe(Ⅱ) 
may be too low to be detected by XRD or XPS, the trace presence of these impurities 
can play important roles in the photoelectrochemical performance of hematite thin 
films. These impurities can function as electron and hole traps to reduce the 
electron-hole recombination rate and increase the charge carrier density via the 
following processes: (Choi et al., 1994)  
Mn+ + ecb- → M(n-1)+      electron trap 
Mn+ + hvb+  → M(n+1)+    hole trap 
Using Fig. 3.23 and the Mott-Schottky equation, we estimated the charge carrier 
densities of a-Fe2O3 thin films prepared by the method of Ryan and the method of 
Schrebler to be 4.04×1020 cm-3 and 4.24×1020 cm-3 respectively under illumination. 
These values are smaller than the charge carrier density of a-Fe2O3 thin films made 





Hence the holes in the a-Fe2O3 thin films prepared by our method are more available 
for water oxidation in the midst of recombination with electrons. Compared with 
processes which make use of extraneous impurities as dopants, the dopants in our case 
are internally generated, and are hence more economical and easier to realize. 
 
 
Fig. 3.20 FE-SEM images of a-Fe2O3 thin films prepared by (a) the method of Ryan and (b) 
the method of Schrebler. 
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Fig. 3.21 XRD patterns of a-Fe2O3 thin films prepared by the method of Ryan and the 
method of Schrebler. Peaks from FTO glass are indicated by *. 
 









The method of Schrebler
          













Fig. 3.22 XPS spectra of a-Fe2O3 thin films prepared by the method of Ryan and the method 
of Schrebler.   
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Fig. 3.23 Mott-Schottky plots of a-Fe2O3 thin films prepared by the methods of Ryan et al., 
Schrebler et al. and the method of this study. Measurement conditions: 1M NaOH aqueous 





CONCLUSIONS AND SUGGESTIONS 
 
 
4.1 Conclusions of this study 
 
A refined method for synthesizing a-Fe2O3 thin films for photoelectrochemical water 
oxidization under visible light was proposed. This method involves the  
electrodeposition of iron thin films in acidic plating baths followed by calcination in 
air at 650℃ to oxidize the electrodeposited Fe thin films to hematite thin films. The 
sample showed a photocurrent density of 0.486mA/cm2 at 0.2V vs. Ag/AgCl in 1M 
NaOH aqueous solution under with illumination by simulated sunlight (AM 1.5), 
which is more than double the value of a-Fe2O3 thin films prepared by other 
commonly used electrodeposition methods in acidic baths. The satisfactory 
photoelectrochemical performance can be attributed to a number of factors: a compact, 
non-porous film morphology favorable for charge carrier mobility, high crystallinity 
which supports the diffusion of electrons and holes through certain highly conducting 
crystal planes; and the effects of intrinsic impurities such as Fe(0) and Fe(II) on 












































































































Table 4.1 Effects of different factors on photochemical performance 
 
 
4.2 Suggestions for future work 
 
4.2.1 Hematite thin films with more impurities 
 
We believe that the trace presence of impurities (although they cannot be detected by 
XRD and XPS) could significantly affect the photoelectrochemical performance of 
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hematite thin films. The amount of impurities could in principle be altered by 
changing the calcination atmosphere. We have produced a sample with more 
impurities by calcining an iron thin film in nitrogen for 45 minutes and in air for 15 
minutes in sequence. However, this film was not produced under the optimal 
synthesis conditions. After calcination, the sample was found to contain both 
orange-red color and black color components. The black component was impurities, 
which could be Fe or Fe3O4. While these films were made with five minutes of plating 
instead of two minutes of plating, the sample was still too thin to show any XRD peak 
to reveal the composition of impurities. The calcination temperature for the sample 
was 520oC.  
 
The particular sample, which was not optimally produced, still achieved an 
appreciable photocurrent density as shown in Fig. 4.1. The photocurrent density at 
0.2V vs. Ag/AgCl was 0.349mA/cm2, lower than the sample calcined in air at 650oC 
(0.448mA/cm2) but higher than the sample calcined in air at 520oC (0.316mA/cm2). 
When the bias potential increased, the increase in the photocurrent density for the 
sample with more impurities was faster than the other samples. At the dark current 
onset potential (0.55V vs. Ag/AgCl), the photocurrent density was 0.904mA/cm2, 
































Fig. 4.1 Photocurrent densities of a-Fe2O3 thin films prepared by different fabrication 
conditions. (a) Electrodeposition time: five minutes; calcination conditions: 45 minutes in 
nitrogen and 15 minutes in air at 520oC, cooling in air. (b) Electrodeposition time: two 
minutes; calcination conditions: one hour in air at 520oC. (c) Electrodeposition time: two 
minutes; calcination conditions: one hour in air at 650oC. Measurement conditions: 1M 
NaOH aqueous solution. Scan rate: 0.04V/s under illumination by simulated sunlight (AM 
1.5G, 100mW/cm2). 
 
For future work, it is suggested that we can optimize the preparation conditions for 
producing hematite thin films with more but controlled impurities. Shorter 
electrodeposition time and higher calcination temperature should be explored. Since 
the oxidization of iron thin film is much faster under these conditions, we need more 
careful control of the calcination times in air and in nitrogen in case of complete 
oxidization. Furthermore, thinner films may also overcome a heterogeneous film 
structure, as shown by the film formed by five minutes of electroplating (the 
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organ-red and black components). Uniform heating is also more possible with thinner 
films to homogenize the film composition. In addition, Rangaraju et al. have 
synthesized mixed hematite-maghemite thin films with high photocurrent density, 
which is another proof for the value of controlled impurity addition to the hematite 




Many elements have been used for doping the hematite thin films to improve their 
photoelectrochemical performance. Since we have developed a new method to 
fabricate hematite thin films with higher intrinsic photocurrent density than other 
commonly used methods, we have established a solid foundation for further 
improvements through doping with other elements. Till now, the most effective 
dopants are Ti and Si. However, Si cannot be applied as dopants through 
electrodeposition by conventional methods since it is a non-metal. Fortunately, a new 
method for electrodeposition of Si from ionic liquid has recently been established 
(Al-Salman et al., 2008) which may be explored for the electrodeposition of Si on the 
hematite thin films. During calcination, the Si atoms may diffuse into the hematite 
crystal lattice and act as dopants, following the example of Sn in the study of Sivula 
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